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R1074journals were stored, leafing through 
the journal and finding myriad papers of 
interest that were quite outside the topic 
I went to the stacks to find. I guess this 
is another example of unstructured play. 
Nevertheless, freely available literature 
is truly a good thing.
Do you have any strong views on 
journals and the peer review system? 
It is necessary, but it is far from perfect. 
I’ve seen papers become significantly 
better through the review process 
(my own included). I have also seen 
some important ideas get suppressed 
because a concept violates a reviewer’s 
worldview. This is when we need 
knowledgeable and assertive editors. 
Not that the editors should insert their 
worldview but they should see if there is 
a real substantive concern that prevents 
publication or if the review has the 
smell of censorship. Such censorship is 
something we all have experienced and 
we all discuss.
What is your greatest ambition in 
science? To make a difference among 
people who depend on scientifically 
deduced information. I think I’ve done 
this with my research on lobsters. They 
are now managed entirely differently 
than when I started. Lobsters and 
most fisheries species were managed 
as a single species. Regulations were 
based on estimated population size 
and growth rates relative to natural 
and fishing-induced mortality. It was 
overly simplistic, and while the resulting 
models predicted lobster stocks 
were about to collapse, populations 
exploded in abundance. Maine’s 
lobster landings reached an all-time 
record in 1990 and have increased 
almost every year since with current 
landings five times greater than in 1990.
What was missing was an ecological 
approach. My students and I studied 
how lobsters become established as 
juveniles on the sea floor, what they eat, 
who eats them and how they compete. 
Today, all New England states and the 
Canadian Maritimes monitor young 
of the year lobsters to estimate future 
landings. Now, ecosystem-based 
fisheries management is the ideal. This 
should include how species interact. 
Strongly interacting species need to be 
managed more prudently. So, fisheries 
management has become more than 
just regulations allowing harvested 
species to persist. Increasingly it 
includes the ecological impacts of those 
and dependent species. Such impacts create lasting changes to the structure 
and functioning of large marine 
ecosystems.
What do you think are the biggest 
challenges in science today? How 
can we get more brilliant, inquisitive 
minds studying beyond our current 
frontiers of knowledge? How should 
we best manage life support on a 
planet with too many people? Is it 
even possible to combine the previous 
two questions?
What has changed in science in 
general and biology in particular over 
the course of your career? Perhaps 
the biggest change I’ve seen is a move 
away from ‘curiosity-based science’ 
towards more applied science. As 
a graduate student, my cohorts all 
pursued simply interesting questions. 
This is what funding agencies 
funded, this was the path professors 
would pursue to attain tenure. This 
has changed. The move away from 
curiosity-based science may simply 
reflect our world today. More scientists 
may see huge societal problems related 
to climate, atmospheric and biodiversity 
change. This drives the structure and 
functioning of ecosystems today and 
thus that must be what we study. But 
I worry that graduate students are not 
able or encouraged to pursue anything 
simply because it is interesting, and we 
don’t know anything about it. 
I absolutely see the irony of my 
lament. My own career path has 
resulted in doing more science 
around topics that help people and 
communities. However, I think my 
biggest contributions came from 
what I learned during my relatively 
unstructured explorations. If I use 
lobster management in Maine and New 
England as an example, I see a clear 
link between that applied outcome all 
the way back to my explorations via 
unstructured play with crayfish in the 
lakes and rivers of New Jersey. Habitat 
requirements and the role of predators 
on population densities of crayfish and 
lobsters are very similar. Using basic 
research to address applied questions 
may, in the long run, be the most robust 
way to move forward in our crowded 
planet. Basic researchers may be 
becoming endangered species.
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What is diel vertical migration? 
Diel vertical migration (DVM) is 
the synchronised movement of 
zooplankton and fish up and down in 
the water column over a daily cycle. It 
is a ubiquitous phenomenon in marine 
and freshwater pelagic communities, 
involving a taxonomically diverse 
array of animals, and may be the 
largest natural daily movement 
of biomass on the planet (human 
commuters may exceed it). Animals 
migrate most commonly upwards 
towards the surface at dusk and 
descend back to deeper water 
before dawn, but reverse patterns 
also occur. Individuals can achieve 
vertical movements of tens to 
hundreds of meters in just a few 
hours (Figure 1), which is remarkable 
for small (mm to cm scale) ‘planktic’ 
animals. Swimming in seawater for 
animals this size is as hard-going as 
it would be for human-sized animals 
swimming in a fluid as viscous as 
treacle. Zooplankton are therefore 
generally unable to make sustained 
headway against ocean currents and 
drift passively in the horizontal plane, 
literally going with the flow.
How is diel vertical migration 
detected? Plankton nets fished during 
daylight make different catches — 
in terms of species composition 
and abundance — than nets fished 
at the same depth during night 
time. Echosounders can provide a 
continuous view down through the 
water column, and reveal the dynamic 
variability in depth distributions of 
organisms (Figure 1). Some of the 
first observations of DVM came 
during World War II from naval 
echosounders that detected oceanic 
deep scattering layers. These layers, 
containing shrimps, lanternfish and 
siphonophores, were so dense that 
they were thought — falsely — to 
be the sea bottom: the false bottom 
echoes were routinely shallower at 
night than in the day. Modern acoustic 
instruments can resolve ‘microlayers’ 
just cm thick, and can be deployed on 
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Figure 1. Diel vertical migration in the open ocean.
A synthetic echogram generated from data collected using a 38 kHz echosounder in the 
southwest Indian Ocean in December 2011. The colour scale is echo intensity (mean volume 
backscattering strength, MVBS): stronger echoes arise from denser aggregations of organisms. 
Some layers remain at consistent depth over time as their constituents ‘sit and wait’, while one 
layer shows classic DVM with pronounced downward migration at dawn and a return towards 
the surface around dusk. Data were collected from the Fishing Vessel Will Watch travelling at 11 
knots along the BASOOP Acoustic Transit. Data courtesy of CSIRO Oceans and Atmosphere 
Flagship/IMOS. Image supplied by Roland Proud. moorings for months on end, enabling 
seasonal and latitudinal patterns of 
DVM to be determined at very high 
resolution. Acoustic observations 
have also revealed uncoordinated, 
asynchronous patterns of vertical 
migration in some ecosystems.
What is the ultimate cause of diel 
vertical migration? Movement through 
water is energetically costly, so the 
cost of DVM must bring some benefit.  
The most likely benefit is evasion 
of predators that hunt by sight. 
Mesozooplankton (0.2 to 2.0 mm long), 
such as copepods, feed herbivorously 
on phytoplankton that is most 
abundant in the illuminated near-
surface zone where photosynthesis 
is possible. DVM takes copepods 
away from the surface in daylight, 
compromising their ability to feed 
but, crucially, also reducing their 
probability of being eaten by visually 
hunting predators. The trade-off 
underlying the ‘predator evasion 
hypothesis’ is encapsulated neatly by 
the adage ‘better unfed than dead’. 
Experiments in lakes have shown that 
DVM diminishes in the absence of 
planktivorous fish.
Avoidance of damaging ultraviolet 
radiation has been suggested as an 
alternative driver of DVM, but evidence 
is not widespread, whereas predator 
avoidance also explains reverse DVM 
by animals that are taken by tactile (i.e., 
non-visual) predators such as jellyfish.
What is the proximate cue for diel 
vertical migration? Change in light 
intensity is the most likely trigger for 
DVM, particularly given the pronounced 
activity around dawn and dusk. 
Changes in depth in association with 
varying cloud cover, eclipses and 
phases of the moon also lend support 
to the belief that fluctuating light 
intensity is the proximate cue for DVM. 
Some species may have a threshold 
to absolute light intensity. Models 
that consider an animal’s size and 
colour alongside water clarity, level of 
illumination, and the visual acuity of 
its predators predict the animal’s DVM 
behaviour well. Although DVM works to 
evade predators restricted to the near 
surface, a megamouth shark has been 
tracked following isolumes (depths of 
equivalent light intensity) down to 150 
m in daytime, presumably because 
the isolume marked the depth of the 
shark’s zooplankton prey: DVM would 
not outfox this crepuscular migrator.  DVM persists at high latitudes 
through the perpetual darkness of 
polar winter, and occurs in the deep 
sea at depths beyond which sunlight 
can penetrate. Moonlight and even 
aurorae may orchestrate DVM in the 
polar night. In the absence of light, 
metabolic clocks might maintain DVM 
rhythms in the deep sea.
While light variation is the most 
likely cue for migration, the depth that 
species maintain during daytime might 
be determined by other factors such 
as water temperature and density. 
Dissolved oxygen concentration is the 
best predictor of migration depth at a 
global scale.
What are the consequences of 
diel vertical migration? DVM has 
a profound impact on the spatial 
and temporal structure of pelagic 
food webs. Higher trophic-level 
predators respond to the behaviour 
of herbivorous mesozooplankton in a 
deadly four-dimensional game (which 
game theory can describe) of cat-
and-mouse. ‘Ladders of migration’ 
form as multiple stacked layers 
containing different communities 
track up and down in an orchestrated 
pattern. The layered structure shows 
niche separation that, in turn, helps 
explain the surprisingly high species 
diversity in the ocean. The principle 
of competitive exclusion holds that 
species diversity in homogenous 
environments should be low because 
one species with even just a slight 
advantage will come to dominate. The fact that species diversity was high 
in an apparently homogenous ocean 
gave rise historically to the ‘paradox 
of the plankton’. The complex vertical 
structuring (e.g. Figure 1) that has 
been revealed by ever-more-sensitive 
sampling instruments makes it clear 
that there is in fact no paradox at 
all. The open ocean is species rich 
because there are multiple depth-
separated niches.
Zooplankton that graze near the 
surface and excrete at depth transport 
carbon fixed by phytoplankton near 
the surface downwards into the ocean 
interior. The ladders of migration, and 
their chains of predation and faecal 
pellet production, move carbon and 
other elements ever deeper. DVM 
thus makes a major contribution 
to the ‘biological pump’, the 
biologically mediated sequestration 
of atmospheric carbon dioxide to the 
deep sea. Migration and excretion 
serve to move material to the seabed 
at speeds orders of magnitude 
faster than the ~1 m per day sinking 
rate of a dead phytoplankton cell, 
and active transport by migratory 
mesozooplankton can bolster passive 
flux by 40%.
Will the scale and influence of diel 
vertical migration change in the 
future? Via the biological pump, 
DVM contributes substantially to 
the global carbon cycle. As the 
ocean warms, and stratification 
increases — particularly in the 
tropics — nutrient limitation will limit 
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have less of an opportunity to move 
carbon downwards. Conversely, in 
the Arctic, where sea-ice reduction 
is continuing apace, changes in 
the underwater light environment 
brought about by the loss of ice 
may increase DVM, with potential 
consequences for ocean–atmosphere 
exchange and fisheries production. 
Photosynthesis will increase in 
warmer, illuminated ice-free waters. 
More primary production will support 
more grazing zooplankton, which will 
undertake more vertically extensive 
diel migrations to avoid the better-
illuminated surface zone. This will 
transport fixed carbon deeper into the 
ocean interior, removing it from the 
atmosphere for longer in a climatically 
beneficial negative feedback loop. 
Greater abundances of zooplankton 
will support larger stocks of 
commercially targeted plankton-eating
fish. Because of the many biophysical 
interactions, the net consequence 
for DVM and associated processes 
of a changing climate is clouded in 
uncertainty.
Where can I find out more?
Berge, J., Cottier, F., Last, K.S., Varpe, O., Leu, E., 
Soreide, J., Eiane, K., Falk-Petersen, S., 
Willis, K., Nygard, H., et al. (2009). Diel vertical 
migration of Arctic zooplankton during the polar 
night. Biol. Lett. 5, 69–72.
Bianchi, D., Stock, C., Galbraith, E.D., and 
Sarmiento, J.L. (2013). Diel vertical migration: 
ecological controls and impacts on the 
biological pump in a one-dimensional ocean 
model. Global Biogeochem. Cycles 27, 478-491.
Cohen, J.H., and Forward, R.B. (2009). Zooplankton 
diel vertical migration – a review of proximate 
control. Oceanog. Mar. Biol: Annu. Rev. 47, 
77–109.
Haren, H. van, and Compton, T.J. (2013). Diel 
vertical migration in deep sea plankton is finely 
tuned to latitudinal and seasonal day length. 
PLoS One 8, e64435.
Hays, G.C. (2003). A review of the adaptive 
significance and ecosystem consequences of 
zooplankton diel vertical migrations. Hydrobiol. 
503, 163–170.
Ringelberg, J. (2010). Diel Vertical Migration of 
Zooplankton in Lakes and Oceans. (Dordrecht: 
Springer Science).
Sainmont, J., Thygesen, U.H., and Visser, A.W. 
(2013). Diel vertical migration arising in a habitat 
selection game. Theor. Ecol. 6, 241–251.
Tarling, G.A., Jarvis, T., and Matthews, J.B.L. (2003). 
Calanus finmarchicus descends in response to 
the arrival of krill – better unfed than dead. Mar. 
Ecol.-Prog. Ser. 252, 307–310.
Wallace, M.I., Cottier, F.R., Berge, J., Tarling, 
G.A., Griffiths, C., and Brierley, A.S. (2010). 
Comparison of zooplankton vertical migration 
in an ice-free and a seasonally ice-covered 
Arctic fjord: an insight into the influence of sea 
ice cover on zooplankton behavior. Limnol. 
Oceanogr. 55, 831–845.
Pelagic Ecology Research Group,  
Scottish Oceans Institute, University of  
St Andrews, Gatty Marine Laboratory,  
East Sands, St Andrews KY18 8LB, UK. 
E-mail: asb4@st-and.ac.uk 
Synaptogenesis
Astrid G. Petzoldt1,2  
and Stephan J. Sigrist1,2,*
Synapses are specialized asymmetric 
cell–cell connections permitting the 
controlled transfer of an electrical 
or chemical signal between a 
presynaptic neuronal cell and a 
postsynaptic target cell (e.g. neuron 
or muscle). Adequate synapse 
function is an essential prerequisite 
of all neuronal processing, including 
higher cognitive functions, such as 
learning and memory. At synapses, 
neurotransmitters (e.g. amino acids, 
amines, peptides, and acetylcholine) 
are released from synaptic vesicles 
into the synaptic cleft in response 
to action potentials. The Nobel Prize 
for Physiology and Medicine in 2013 
was awarded to James E. Rothman, 
Randy W. Schekman and Thomas C. 
Südhof “for their discoveries of the 
machinery regulating vesicle traffic, a 
major transport system in our cells”. 
This included crucial revelations, 
such as the identification of the core 
machinery of synaptic vesicle fusion. 
However, in contrast to the advances 
concerning the organization of 
the core functions of the synapse, 
our current understanding 
of the processes of synapse 
formation and maintenance — i.e. 
‘synaptogenesis’ — is still somewhat 
fragmentary. Here, we will outline the 
current status and future directions 
of the field of synaptogenesis, 
primarily from the perspective of the 
presynaptic release site. 
Molecular organization of the 
presynaptic release site
The site of synaptic vesicle fusion 
and neurotransmitter release is 
called the ‘active zone’. Active 
zones were first described and 
explored by electron microscopy 
due to their small size (maximally 
300 nm). Electron-dense structures 
decorating the active zones were 
observed and later identified 
as scaffold protein matrices. It 
was suggested that this scaffold 
provides docking and tethering sites 
for synaptic vesicles in order to 
facilitate the synaptic vesicle cycle, 
that is, the coordinated exocytosis 
Primer and endocytosis cycle of synaptic vesicles involved in neurotransmitter 
release. At the same time, active 
zones exhibit a surprisingly diverse 
architecture, both among species 
and between synapses involving 
different types of neurons. Obviously, 
this structural diversity must reflect 
differences in functional requirements 
regarding synapse type, tissue and 
developmental state. 
Synapses are ‘evolutionarily 
old’ structures, however, with 
many synaptic proteins present in 
unicellular protists. Accordingly, 
the degree of conservation of the 
molecular machinery is exceedingly 
high, and functional and structural 
principles of these synapse types 
can be investigated effectively 
in model organisms, such as 
Drosophila and Caenorhabditis 
elegans. A joint effort over the 
last few years bridging vertebrate 
and invertebrate model organisms 
has revealed that the active zone, 
especially the membrane-proximal 
core, is composed of members of 
a conserved set of protein families: 
ELKS/CAST (glutamic acid (E), 
leucine (L), lysine (K), and serine 
(S)-rich protein (ELKS)/cytomatrix 
at the active zone (CAZ)-associated 
structural proteins (CAST)); RIM 
(Rab3-interacting molecule); RIM-
binding protein (RIM-BP); and, finally, 
the liprin-a/SYD-2 (synapse-defective 
2) and potentially SYD-1 family 
(Figure 1). The core proteins interact 
with each other via conserved 
strings of coiled-coil, SH3, SAM, 
and PDZ domains. Additionally, 
they form oligomers, and the 
multiplicity of interactions is a likely 
basis for the avidity and tenacity of 
these scaffolds, but also results in 
redundancy issues that complicate 
the genetic analysis of synapses.
How these scaffold proteins 
functionally interact with the core 
release machinery, apart from their 
‘structural’ role, remains a major 
question. It is worth noting that the 
exact physical distance between 
presynaptic Ca2+ channels and 
the Ca2+ sensors residing within 
the synaptic vesicle membrane is 
a key determinant of the signaling 
properties of a synapse. Transmitter 
release is triggered by a small number 
of Ca2+ channels that are coupled to 
the synaptic vesicle Ca2+ sensors at 
a nanometer scale. Importantly, RIM, 
RIM-BP and probably CAST/ ELKS 
